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TO ALL WHOM IT MAY CONCERN: 
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residing at 1402 Fairway Drive, in the City of Marshalltown and State of Iowa 
have invented a new and useful Detection and Discrimination of Instabilities in 
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DETECTION AND DISCRIMINATION OF 
INSTABILITIES IN PROCESS CONTROL LOOPS 

RELATED APPLICATIONS 

This is a continuation in part of U.S. Patent Application Serial No. 09/370,474 
5 filed August 9,1999 entitled "Statistical Determination of Estimates of Process 

Control Loop Parameters" which is a continuation in part of U.S. Patent Application 
Serial No. 08/939,364 filed September 29, 1997 entitled "Method of and Apparatus 
for Nonobtrusively Obtaining On-Line Measurements of a Process Control Device 
Parameter" and which is also a regular filed application based on Provisional 
10 Application 60/098,464 filed August 3 1 , 1 998 entitled "Statistical Determination of 
Estimates of Process Control Loop Parameters." 

TECHNICAL FIELD 
The present invention relates generally to process control networks and, more 
particularly, to a method of and an apparatus for determining causes of instabilities 
15 such as limit cycles within a process control loop while, for example, the process 
control loop is connected on-line within a process environment. 

BACKGROUND ART 
Large scale commercial manufacturing and refining processes typically use 
process controllers to control the operation of one or more process control devices 
20 such as valves, based on feedback from one or more sensors, such as flow, 

temperature or other types of sensors. Each set of such controller, valve and sensor 
devices forms what is generally referred to as a process control loop. Furthermore, 
each valve or other device may, in turn, include an inner loop wherein, for example, a 
valve positioner controls a valve actuator to move a control element, such as a valve 
25 plug, in response to a control signal and obtains feedback from a sensor, such as a 

position sensor, to control movement of the valve plug. This inner loop is sometimes 
called a servo loop. In any event, the control element of a process control device may 
move in response to changing fluid pressure on a spring biased diaphragm or in 
response to the rotation of a shaft, each of which may be caused by a change in the 
30 command signal. In one standard valve mechanism, a command signal with a 
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magnitude varying in the range of 4 to 20 mA (milliamperes) causes a positioner to 
alter the amount of fluid and thus, the fluid pressure, within a pressure chamber in 
proportion to the magnitude of the command signal. Changing fluid pressure in the 
pressure chamber causes a diaphragm to move against a bias spring which, in turn, 
causes movement of a valve plug. 

Process control devices usually develop or produce a feedback signal, 
indicative of the response of the device to the command signal, and provide this 
feedback signal (or response indication) to the process controller or to the valve 
actuator for use in controlling the process or the valve. For example, valve 
mechanisms typically produce a feedback signal indicative of the position (e.g., 
travel) of a valve plug, the pressure within a fluid chamber of the valve or the value of 
some other phenomena related to the actual position of the valve plug. 

While a process controller generally uses these feedback signals, along with 
other signals, as inputs to a highly tuned, centralized control algorithm that effects 
overall control of a process, it has been discovered that poor control loop performance 
may still be caused by poor operating conditions of the individual control devices 
connected within the control loop including, for example, instabilities within the 
process control loop. A system experiences an "instability" when it cannot reach an 
equilibrium point during operation. Plant personnel often refer to these instabilities as 
cycling, hunting, or swinging which is in contrast with normal operation in which the 
system reaches an equilibrium point or "lines-out." 

In many cases, problems associated with one or more of the individual process 
control devices cannot be tuned out of the control loop by the process controller and, 
as a result, the poorly performing control loops are placed in manual or are detuned to 
the point where they are effectively in manual. In some cases, plant personnel can 
track down individual loops that are cycling and will detune the associated controller 
or place the faulty loop into manual. If the system settles down, they know that it is a 
tuning problem, not a hardware problem. In a similar fashion, if the process has well 
known, fast dynamics (such as a flow loop), operators will correlate the controller 
output with the process variable. If the output of the controller is a triangle wave and 
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the process variable is a square wave, they will often conclude that the control valve 
is sticking. These ad-hoc procedures are used by many plant operators, but include 
several limitations. For example, the first procedure requires the operator to put the 
system into manual, which may not be allowed, especially on runaway processes. The 
second procedure is good for identifying limit cycles induced by the process control 
loop but is not capable of tracking down instabilities in the servo loop. Moreover, 
correlation between a command signal and a process variable is not always 
straightforward due to complications such as integrating process dynamics, nonlinear 
process dynamics, cross-coupled process dynamics, and process disturbances. 
Instabilities in the servo loop can be particularly difficult to discern because plant 
personnel do not have access to the internal state variables of a control valve. 
Additional problems arise when instabilities are influenced by the process fluid, as is 
the case with negative gradients, hi these situations, a valve can oscillate when in 
service, but becomes well behaved when it is taken offline. 

Poor control loop performance can usually be overcome by monitoring the 
operational condition or the "health" of each of the process control devices connected 
within the loop, or at least the most critical process control devices connected within 
the loop, and repairing or replacing the poorly performing process control devices. 
The health of a process control device can be determined by measuring one or more 
parameters associated with the process control device and determining if the one or 
more parameters is outside of an acceptable range. One of the problems that may be 
monitored is the detection of instabilities in a process loop or a control device. Such 
instabilities may be the result of, for example, limit cycles which cause the loop to 
oscillate. 

In particular, the term limit cycle generally refers to undesirable cyclical 
movements of a moveable element within a process control device, such as a sliding 
stem valve. There are many causes of limit cycles including, for example, external 
forces, friction and mechanical anomalies. External forces, such as buffeting or jet 
streams or other forces which place a negative gradient on, for example, a valve plug, 
may cause movement of the element, which is then compensated for by the control 
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mechanism either within or outside of the servo loop. Friction, for example, 
increased friction caused by side loading on the moveable element, may prevent 
initial movement of the element thereby causing the control mechanism to increase 
the pressure on the moveable element. This increased pressure causes overshoot and, 
thereby, initiates cyclical movement of the element. Mechanical or device anomalies 
may include interactions between actuator pneumatics and those of supporting 
equipment such as air supply regulators, volume boosters or quick-release valves or 
other anomalies involving the supporting equipment. In summary, limit cycles may 
be caused by a process control loop itself, by external forces, valve accessories, 
friction, etc. 

In the past, it was not easy to determine the source or cause of an instablity 
within a process control loop without having a technician review and diagnose the 
system, which could be time consuming and costly. In some cases these persons had 
to remove a process control device from a control loop to bench test the device or, 
alternatively, the control loops themselves were provided with bypass valves and 
redundant process control devices to make it possible to bypass a particular process 
control device to thereby test a device while the process is operating. Alternatively, 
operators have had to wait until a process is halted or is undergoing a scheduled shut- 
down to test the individual process control devices within the process which might be 
the source of an instability. Each of these options is time consuming, expensive, and 
only provides intermittent determination of instabilities in a system. Still further, 
none of these methods is particularly suited to determine the source or cause of an 
instability while the process is operating on-line, i.e., without disturbing or shutting 
the process down. 

There have been some attempts to collect data from a process control device 
on-line and to obtain an indication of characteristics of a device therefrom. For 
example, U.S. Patent No. 5,687,098 to Grumstrup et al. discloses a system that 
collects device data and constructs and displays the response characteristic of the 
device. Likewise, application serial number 08/939,364 filed September 29, 1997 
entitled "Method of and Apparatus for Nonobtrusively Obtaining On-Line 



PATENT 
06005/37295 

Measurements of a Process Control Device Parameter," upon which this application 
relies for priority purposes, discloses a system that collects device data on-line and 
uses this data to directly calculate certain device parameters, such as dead band, dead 
time, etc. The disclosure of this application specifically related to an apparatus and 
5 method for obtaining on-line measurements of a process control device parameters 
(i.e., the disclosure related to Figs. 1-3) is hereby expressly incorporated by reference 
herein. Furthermore, the disclosure of U.S. Patent Application Serial No. 09/370,474 
filed August 9, 1999 entitled "Statistical Determination of Estimates of Process 
Control Loop Parameters" is also hereby expressly incorporated by reference herein. 
10 However, none of the known prior art methods or systems determines the causes of 
instabilities within a process control system, especially when the process control 
system is operating on-line. 

SUMMARY 

A method and an apparatus detects or determines the cause or source of 
15 instabilities within a process control system or a process control device while the 

process control loop is connected on-line within a process environment. The method 
and apparatus make certain measurements of inputs to or outputs from a process 
control loop or process control device, such as a valve, during the occurrence of an 
instability and use the collected data to determine the existence of or the source of the 
20 instability. This system enables a process operator to nonobtrusively monitor one or 
more process control devices or loops within a process in a continuous manner to 
determine the causes or sources of instabilities without having to remove the process 
control devices from the control loop, without having to bypass the process control 
devices in the control loop, without having to superimpose test signals into the control 
25 loop and without having to shut the process down or interfere with the process in 
other ways. 

In one embodiment, a method of and apparatus for determining a source of an 
instability within a process control loop determines if the instability is caused within a 
servo loop or outside of a servo loop of a process control loop. Still further, the 
30 system and method may determine if an instability within, for example, a servo loop 

-5- 
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is caused by external forces, friction or mechanical anomalies. The system and 
method may perform the determination by examining whether relevant pressure and 
travel signals are positively or are negatively correlated, by determining whether an 
actuator pressure measurement leads or lags a valve travel measurement, etc. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a block diagram of a process control loop including a device that 
determines the presence of and sources of instabilities within a process control loop or 
device; 

Figs. 2A and 2B are graphs of a travel signal, a command signal and a net 
actuator pressure signal versus time for a system undergoing instabilities; 

Figs. 3A and 3B are graphs of a travel signal, a command signal and net 
actuator pressure signal versus time, indicating a friction induced instability; 

Figs. 4A and 4B are graphs illustrating a travel signal, a command signal and a 
net actuator pressure signal versus time, indicating an instability caused by a negative 
gradient in a control valve with fail-closed spring action; and 

Figs. 5A and 5B are graphs illustrating a travel signal, a command signal and a 
net actuator pressure signal versus time, indicating an instability caused by excessive 
gain in the process controller. 

DETAILED DESCRIPTION 

Referring to Fig. 1, a single-input, single-output process control loop 10 is 
illustrated as including a process controller 12 that sends, for example, a 4 to 20 mA 
command signal to a process control device 13. The process control device 13, which 
may include a digital positioner 14 and a control valve with a valve actuator 15, is 
illustrated as including a servo controller 16 that sends a servo controller output to a 
current to pressure (UP) transducer 17. The MP transducer 17 sends a first stage 
pressure signal to second stage pneumatics 18 which may be, for example, a spool 
valve or a pneumatic relay. The second stage pneumatics 18, in turn, pneumatically 
control the valve actuator and valve 15 with a pressure signal (pressurized air, for 
example). Operation of the valve 15 controls the articulation of a movable valve 
member such as a valve stem disposed therein (not shown) which, in turn, controls a 
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process variable within a process 20. As is standard, a transmitter 22 measures the 
process variable of the process 20 and transmits an indication of the measured process 
variable to a summing junction 24 associated with the controller 12. The summing 
junction 24 compares the measured value of the process variable (converted into a 
normalized percentage) to a set point to produce an error signal indicative of the 
difference therebetween. The summing junction 24 then provides the calculated error 
signal to the process controller 12. The set point, which may be generated by a user, 
an operator or another controller, is typically normalized to be between 0 and 100 
percent and indicates the desired value of the process variable. The process controller 
12 uses the error signal to generate the command signal according to any desired 
technique and delivers the command signal to the device 14 where it is summed in a 
summing junction 26 with a signal produced by a position sensor 27 indicative of the 
actual or present position of the valve stem. The summing junction 26 produces an 
error signal which is delivered to the servo controller 16 to thereby effect control of 
the process variable. 

While the process control device 13 is illustrated as including a positioner 14 
having an integrated I/P unit 17, the process control device 13 may include any other 
type of valve mechanisms or elements instead of or in addition to those illustrated in 
Fig. 1 including, for example, a device having a stand-alone positioner and I/P unit. 
Furthermore, it should be understood that the process control device 13 may be any 
other type of device (besides a valve-type device) that controls a process variable in 
any other desired or known manner. The process control device 13 may be, for 
example, a damper, etc. 

An estimation unit 30, which may detect the presence of and determine the 
source of instabilities in the process loop 10 or, in many cases, in the process control 
device 13 itself, is coupled to the process control device 13 or to any other part of the 
process control loop 10 using known sensors. The estimation unit 30, which may 
include a computer such as a microcomputer having a memory 3 1 and a processor 32 
therein, collects data pertaining to one or more of the signals within the process 
control loop 10 and determines from the collected data the presence of instabilities 
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and an estimate of the source of instabilities within the process control system 10 or 
device 13 using, for example, one or more computer programs or algorithms 33 stored 
in the memory 3 1 and adapted to be executed on the processor 32. 

As illustrated in Fig. 1, the estimation unit 30 may detect one or more of the 
5 command signal delivered to the summing junction 26 using a current sensor 34, the 
pressure output from the I/P unit 17 using a pressure sensor 35, the actuator command 
signal output by the second stage pneumatics 1 8 using one or more pressure sensors 
36, and the valve position at the output of the valve 15 using the position sensor 27. 
Still further, the stem travel may be determined or measured by a stem travel sensor 

10 37 using the output of the position sensor 27. A servo output unit 38 may monitor the 
output of the servo controller 16 and provide this measurement to the estimation unit 
30. The servo output unit 38 may make a physical measurement of the current going 
to the I/P unit 17 or may send the digital output from the control algorithm within the 
servo controller 16. Still further, a second stage displacement sensor 39, which may 

15 be for example, a Hall effect device, is used to measure the displacement of a spool 
valve or relay within the second stage pneumatics 18. Of course, the outputs of the 
sensors or other devices 34-39 are provided to the estimation unit 30. While not 
illustrated in Fig. 1, the output of the displacement sensor 39 may be used by the 
servo controller 16 to, for example, dampen the dynamic response of the 

20 positioner/valve device 13. If desired, the pressure sensors 36 may include or provide 
measurements of supply pressure and two output pressures generally provided by 
positioners which support piston actuators. 

The estimation unit 30 may also or alternatively detect the set point signal, the 
error signal at the output of the summing junction 24, the error signal at the output of 

25 the summing junction 26, the process variable, the output of the transmitter 22 or any 
other signal or phenomena that causes or indicates movement or operation of the 
process control device 13 or is otherwise associated with the process control loop 10. 
It should also be noted that other types of process control devices may have other 
signals or phenomena associated therewith that may be used by the estimation unit 30. 

30 As will be evident, the estimation unit 30 may read an indication of the 

-8- 
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controller command signal, the positioner servo output, the pressure signal from the 
MP unit 17, the actuator pressure signals, the displacement of the second stage 
pneumatics 18, the valve position already provided by the position sensor 27, the stem 
travel, etc. Of course, the sensors used by the estimation unit 30 can be any known 
5 sensors and may be either analog or digital sensors. For example, the position sensor 
27 may be any desired motion or position measuring device including, for example, a 
potentiometer, a linear variable differential transformer (LVDT), a rotary variable 
differential transformer (RVDT), a Hall effect motion sensor, a magneto resistive 
motion sensor, a variable capacitor motion sensor, etc. It will be understood that, if 

10 the sensors are analog sensors, the estimation unit 30 may include one or more 

analog-to-digital converters which sample the analog signal and store the sampled 
signal in the memory 31 associated with the estimation unit 30. However, if the 
sensors are digital sensors, they may supply digital signals directly to the estimation 
unit 30 which may then store those signals in the memory 31 in any desired manner. 

15 Moreover, if two or more signals are being collected, the estimation unit 30 may store 
these signals in a random access portion of the memory 31 as components of data 
points associated with any particular time. For example, each data point at time T l5 
T 2 , ...T n may have an input command signal component, a pressure signal component, 
an actuator travel signal component, etc. Of course, these data points or components 

20 thereof may be stored in the memory 3 1 or any other memory in any desired or known 
manner. 

While the estimation unit 30 has been indicated as being separate from the 
process control device 13 (such as, for example, being located in a host device), this 
unit can instead be internal to the process control device 13 or can be located on any 

25 other process control device (e.g., field device) in a process control network including 
handheld devices. If the process control device 13 is a micro-processor based device, 
the estimation unit 30 can share the same processor and memory as that already 
within the process control device 13. Alternatively, the estimation unit 30 may have 
its own processor and memory. Thus, it is contemplated that the analysis of the 

30 source of instabilities may be performed in the device in which the measurements are 
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made (such as in any field device) with the results being sent to a user display or to a 
host device for use or, alternatively, the signal measurements may be made by a 
device (such as a field device or handheld unit) with such measurements then being 
sent to a remote location (such as a host device) where the instability analysis is 
5 performed. 

The estimation unit 30 determines or estimates the source of instabilities, such 
as limit cycles, within the process control loop 10, the process control device 13 (or 
other device or portion of the process control loop 10) using one or more 
mathematical or statistical analyses based on measurements preferably taken while the 

10 process control device 13 or process control loop 10 is operating on-line within a 
process environment. In general, to determine the existence of or a source of 
instabilities, the estimation unit 30 samples one or more signals within, for example, 
the process control device 13 and stores the sampled data in memory. If desired, the 
estimation unit 30 may massage the data to eliminate unneeded data, outliers, etc. 

15 either before or after storing the collected data in memory. After collecting enough 
data to be able to determine the existence of or source of an instability, such as data 
from one or more entire limit cycles or data from a portion of a limit cycle, the 
estimation unit 30 uses one or more analysis routines 33, which may be stored in the 
memory 3 1 associated with the estimation unit 30 and implemented on the processor 

20 32 within the estimation unit 30, to determine the existence of or source of the 

instability within the loop 10, device 13, etc. While the estimation unit 30 may use 
any desired statistical analysis routine or procedure, some example analysis routines 
for determining the existence of or source of limit cycles are described below, it being 
understood that these routines may be implemented using any appropriately written 

25 computer program or algorithm stored within and implemented by the estimation unit 
30. 

Furthermore, after determining the existence of or a potential source of an 
instability, the estimation unit 30 may display an indication of that instability or 
source on a display device 40 which may be, for example, a CRT screen, a printer, a 
30 voice generator, an alarm generator of any kind, or any other desired communication 

-10- 



PATENT 
06005/37295 

device either within the same device as the estimation unit 30 or another device 
communicatively connected to the estimation unit 30. Of course, the estimation unit 
30 may alert the user as to the existence of or source of the instability in any other 
desired manner. If desired, the estimation unit 30 may make recommendations as to 
the manner in which to eliminate the instability based on the detected source, may 
suggest further diagnostics or actions to be performed with such recommendations or 
diagnostic produces being stored in the memory 3 1 and accessed based on, for 
example, the detected source of the instability. 

Because the estimation unit 30 may take measurements of the required data 
while the process control device 13 is operating on-line, the estimation unit 30 does 
not necessarily require the process control device 13 to undergo a full stroke or test 
stroke sequence to detect the presence of or source of an instability and does not 
necessarily require the process control device 13 to be taken off-line or out of the 
normal operating environment. Furthermore, because the estimation unit 30 is 
connected to the process control loop 10 and measures the signals necessary to make 
the estimation of instabilities during normal operation of the process control loop 10, 
the estimation unit 30 may detect the presence of or the source of instabilities 
continuously without interfering with the operation of the process 20 or the process 
control loop 10. 

While the estimation unit 30 may be programmed or configured to determine 
the existence of or the sources of instabilities using any desired analysis, particularly 
useful statistical approaches for some sources of instabilities are described in detail 
herein. However, the present invention is not limited to the use of any of these 
approaches and, furthermore, is not limited to the determination of estimates for only 
the specifically discussed sources of instabilities, it being understood that other 
mathematical approaches can by used to determine these or other sources of 
instabilities. 

The estimation unit 30 may perform one or more analyses to detect the 
presence of or sources of instabilities within a process control loop or system at any 
desired time. Thus, if desired, the estimation unit 30 may be triggered manually by an 
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operator when, for example, the operator notices an instability within a loop or a 
device. Alternatively or in addition, the estimation unit 30 may be triggered 
automatically. For example, the estimation unit 30 may use instability detection 
software 33 A that may implement a short Fourier transform on one or more of the 
5 signals within the system, such as the actuator pressure or valve travel, and look at 
deviations in the spectrum of that signal. Power at unexpected or undesired 
frequencies may signal the presence of instabilities. Of course, the software may also 
or instead use any of a number of known, standard pattern recognition algorithms, 
may examine Lissajous or phase plain plots of time series data, etc. to detect the 

10 presence of instabilities such as limit cycles. 

For example, instability detection routine 33A may use the Wiener-Khinchine 
relation to detect the presence of instabilities. Generally, the Wiener-Khinchine 
relation states that the area under the spectrum is proportional to the variance. Based 
on this principle, the detection software 33 A may identify changes in the spectrum of 

15 a signal by calculating changes in the variance of the signal. Still further, the 

detection software 33A may look at the ratio of the variances between two signals, 
such as the command signal and the travel signal, i.e., may implement an F-test. If 
the system is operating properly, the ratio of variances will be approximately one 
because the gain between the command signal and the travel signal is approximately 

20 equal to one. However, if a servo loop instability forms, for example, from friction, 
negative gradients, or valve accessories, the ratio of variances will become very large. 
In other words, for a servo loop instability, the power out of the system will exceed 
the power put into the system. 

As an added benefit, this approach will not trigger an analysis if the outer 

25 process loop is cycling, which helps in stability discrimination. To expedite 
detection, the ratio of variances can be calculated recursively using "forgetting 
factors" so that only the most recent data are used. However, once a limit cycle is 
detected (by whatever means), the ratio of variances can be used to track down 
whether the problem is in the outer process control loop or in the inner servo control 

30 loop. If the ratio of variances is much greater than one, the source of the instability is 

-12- 
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most likely in the servo loop. The examples of Figs. 2, 3 and 4 depict this case. 
Alternatively, if the ratio of variances is much less than one, the source of the 
instability is most likely in the process loop. The example of Figs. 5 A and 5B depicts 
this case. 

5 If desired, the instability detection or discrimination algorithms can run 

continuously and detection can be flagged if the discrimination algorithm exceeds 
some threshold. For example, if the phase angles in the servo loop approach -180 
degree, as discussed below, the estimation or detection software could trigger an 
alarm or otherwise notify an operator of an instability and its source. 

10 Once an instability is detected, the source of this instability may be determined 

using one or more other software routines 33B, 33C, etc. One approach to 
determining an estimate of a source of an instability is to have the estimation unit 30 
collect data pertaining to the actuator travel or position (sensed by, for example, the 
position sensor 27 of Fig. 1) and the actuator pressure (sensed by, for example, the 

15 pressure sensors 35 or 36 of Fig. 1) for the valve 15 over a particular time period. 
Typically, the collected data will be stored in memory as a series of data points, 
wherein each data point has an actuator pressure component derived from the 
measured actuator pressure signal and an actuator position component derived from 
the measured actuator position or travel signal. Of course, it will be understood that 

20 the actuator pressure and actuator position components of any data point should relate 
to the same time. Thus, it is preferable, when using two or more measured signals, to 
sample those signals at the same time to thereby produce time correlated data. In this 
manner, the estimation unit 30 collects data points associated with an input signal of 
the control loop or a portion of the loop and data points associated with an output 

25 signal of the control loop or portion of the loop and then uses these data points in any 
manner to form an input/output curve associated with the system or control loop. Of 
course, the data points associated with the input and output signals may be stored 
separately or together as desired but should generally be associated with the same or 
approximately the same time so as to form components of the input/output curve. 

30 Next, the instability source estimation software 33B or 33C determines the 
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source of an instability by analyzing the data in any of a number of manners 
including, for example, to determine if the instability is caused by the device itself or 
outside of the device, if the instability is caused by friction or by negative gradients on 
the valve plug or by mechanical anomalies. 
5 In one embodiment, the source of an instability is determined from data 

collected within the servo loop, i.e., everything between the command signal and the 
valve travel signal of Fig. 1. Using these signals alone, the estimation unit 30 can 
track down the root cause of many instabilities in a particular system. The primary 
advantage of this technique is that analyses can be performed on-line with no a priori 

10 knowledge of the process, which significantly reduces the costs required to 
commission and maintain these types of diagnostics. 

In one example analysis, the estimation software 33B or 33C can determine if 
a detected instability is caused by the process control loop or is, instead, caused by a 
source within the servo loop and, thus, a source within the device 13. hi particular, 

15 when a process control loop enters a limit cycle, every component in the system 

cycles at the same frequency. Furthermore, if the system is cycling, the sum of phase 
angles among the successive dynamic components in the loop will be -180 degrees. 
As a result, if the sum of the phase angles within successive components of the servo 
loop of Fig. 1 is greater than -180 degrees, e.g., - 90 degrees, then the servo loop is 

20 stable and is not the source of the instability. However, if the sum of the phase angles 
within the servo loop 13 is equal to or approximately equal to -180 degrees, then the 
source of the limit cycle is within the servo loop itself. The estimation routine 33B 
can determine the phase angles associated with the successive dynamic components 
of the servo loop 13 or any other portion of the process control loop 10 and add these 

25 phase angles together. If the sum of the phase angles is at or near -1 80 degrees, the 

cause of the limit cycle is within the servo loop or other portion of the process control 
loop 10. If the sum of the phase angles is significantly more than -180 degrees, then 
the servo loop or other section of the process control loop 10 is not the source of the 
limit cycle, although it might contribute significantly to the problems of the outer 

30 loop. 
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If desired, the estimation unit 30 can determine a phase lag introduced by each 
of a number of elements within a process control loop, such as for each of a number 
of successive elements in the servo loop 13, and then identify the element that 
introduces the most phase lag in the process control loop. If desired, the estimation 
5 unit 30 can order the elements according to the amount of phase lag each element 
introduces into the process control loop or can produce a cumulative phase lag chart 
indicting the detected phase lags for each of the elements. This information can be 
displayed to a user via the display device 40. 

A simple example of a system that has an instability in the servo loop of a 

10 control valve with fail-open spring action is depicted in Figs. 2A and 2B, which plots 
the input command signal, valve travel, and net actuator pressure versus time. In 
Figs. 2-5, the signals at the end of or outside of the servo loop or device 13 are 
illustrated in the top graph while the signals completely within the servo loop or 
device 13 are illustrated in the bottom graph. From Figs. 2A and 2B, it is evident that 

15 the process control loop, i.e., the outer loop, is active (as evidenced by the oscillation 
in the command signal) and is trying to correct for disturbances introduced by the 
control valve 1 5. The total phase angle between the error signal out of the summing 
junction 26 (i.e., the command signal minus valve travel) and valve travel is equal to 
about -180 degrees. This fact indicates that the instability is located within the servo 

20 loop. 

Alternatively, the estimation unit 30 could look at the ratio of variances 
between two signals, such as the command input and valve travel or the command 
input and the actuator pressure. As noted above, if the system is operating properly, 
the ratio of variances will be approximately one because the gain between the 

25 command signal and the travel signal is approximately equal to one. However, if an 
instability within the servo loop forms, for example, from friction, negative gradients, 
or valve accessories, the ratio of variances will become very large. In other words, for 
a servo loop instability, the power out of the system will exceed the power put into the 
system. When the ratio of the variances is less than about one, then the instability is 

30 within the process loop. In the example of Figs. 2A and 2B, the variance of valve 



PATENT 
06005/37295 

travel exceeds the variance of the command input, which indicates that the instability 
is in the servo loop, i.e., because the variance of the valve travel is much greater than 
the variance of the command signal, the cause of the instability is determined to be 
within the servo loop. 

5 There are many known methods of determining the phase and variances of 

each of the signals and these methods will not be discussed in detail herein. 
Furthermore, while the phases of each of a number of successive signals within, for 
example, a servo loop can be added together, the phases of the first and last signals in 
the loop, such as the error signal out of the summing junction 26 and the feedback 

10 signal from the position sensor 27 can be added to determine if the sum is 

approximately -180 degrees. Of course, the phases of each of the individual signals in 
the loop can be analyzed to see which signal is adding the most phase and may, 
therefore, be associated with the component causing the instability. 

hi another case, the estimation software 33C may determine if an instability is 

15 being caused by friction or external forces, such as negative gradients on the valve 
plug. Generally speaking, the estimation software 33C can identify friction or 
external forces as the source of an instability by examining the correlation and/or the 
lead/lag relationship between relevant pressure and travel signals. For example, in the 
case of a sliding stem valve, the estimation software 33C can use the actuator pressure 

20 as detected by the pressure sensor 36 and the valve travel as detected by the position 
sensor 27. Using the data collected from the pressure sensor 36 and the position 
sensor 27 for the valve 15 over a period of time, the estimation software 33C 
determines whether there is a negative or positive correlation between the pressure 
and travel responses. In the case of a negative correlation, where an increase in travel 

25 is accompanied by a decrease in pressure, or a decrease in travel is accompanied by an 
increase in pressure, the instabilities are due to external forces. This negative 
correlation results from the fact that the servo controller 16 is attempting to 
compensate for sudden changes in the position of the valve stem by trying to force the 
valve stem to travel in the opposite direction. As can be seen in Figs. 3 A and 3B, the 

30 net actuator pressure increases with a decrease in valve travel. In particular, in Figs. 
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3 A and 3B, an instability caused by external forces, such as buffeting or jet streams 
within the valve 15 occurs between the times 12 sec. and 15 sec. At time 12 sec, the 
valve stem moves in the increasing direction as a result of buffeting. The actuator 
pressure begins to decrease almost immediately. The net actuator pressure continues 
5 to decrease even after the valve travel has leveled off to drive the valve back to its 
original position. However, when the value travel decreases (at about 13.5 sec.) to 
below its starting point, the actuator pressure increases to drive the valve back to its 
original point. Thus, here, the incidence of an increase in valve travel is correlated 
with a decrease in actuator pressure and vice- versa, meaning that external forces are 
10 causing oscillation within the servo loop. Similar negatively correlated oscillations 
occur in Figs. 3 A and 3B at approximately 22 sec. and 32 sec. 

In the case of a positive correlation, where an increase in pressure is 
accompanied by an increase in travel or a decrease in pressure is accompanied by a 
decrease in travel, the estimation software 33C determines that the instabilities are 

15 friction induced because the positioner 1 5 is attempting to move the valve stem in the 
increasing direction by increasing the pressure on the valve stem (or is attempting to 
move the valve stem in the decreasing direction by decreasing the pressure on the 
valve stem) until movement occurs. Figs. 4A and 4B illustrates this phenomena. For 
example, beginning at about 492 seconds, the net actuator pressure increases as the 

20 servo controller 16 attempts to correct the error signal between the reference (set 

point) and the travel. Because the valve stem is stuck within the friction band, it does 
not move. At approximately 518 seconds, the net pressure on the valve stem exceeds 
the friction threshold and the valve stem begins to move in the increasing direction. 
At this time, the net actuator pressure decreases due to volume changes within the 

25 actuator which slows down the travel response. However, even though the net force 
decreases and the valve velocity approaches zero, the travel suddenly jumps to a local 
maximum value as friction breaks down. The same process occurs as the net pressure 
decreases, (e.g., between 526 and 538 seconds), although the travel response (in the 
decreasing direction) during this time is more pronounced. Thus, in this case, an 

30 increase in actuator pressure results in an increase in valve travel and a decrease in 

-17- 
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actuator pressure results in or is associated with decreasing valve travel. 

Thus, by determining whether actuator pressure and valve travel are positively 
or are negatively correlated, the estimation software 33C can determine whether the 
source of a limit cycle is due to external forces or friction within the valve. Of course, 
5 it will understood that positive correlation occurs when the actuator pressure moves in 
a direction which would normally cause movement of the valve stem in the measured 
direction while negative correlation occurs when the actuator pressure moves in a 
direction that is opposite from the direction that would normally cause movement of 
the valve stem in the measured direction. Thus, in certain actuator/valve 

10 configurations or depending on the manner in which "decreasing" valve travel is 
defined, increasing actuator pressure and "decreasing" valve travel may still be 
positively correlated. 

An alternative way of distinguishing between fhctionally and externally 
induced instabilities is by examining the lead/lag relationship between the pressure 

15 response and the travel response. If the pressure response lags the travel response, the 
instability is due to external forces because the servo controller 16 is acting in 
response to a change in valve position. Alternatively, if the travel response lags the 
pressure response, the instability is friction induced because the servo controller 16 is 
trying to force valve movement. As can be seen in Figs. 4A and 4B, beginning at 

20 approximately 492 seconds, the pressure increases with no corresponding movement 
of the valve 18 until the time 518 seconds, when the pressure response is able to 
overcome the friction and move the valve 18. The same phenomena occurs at time 
526 seconds when the pressure decreases with no change in valve position until the 
time 538 seconds, when the friction force is overcome causing downward travel of the 

25 valve stem. In this case, the command signal to the valve (not shown) was held 
constant. Notice that the phase angle between net pressure and valve travel is 
approximately -180 deg with travel lagging net pressure, which means that the 
instability is in the servo loop and the problem lies between the actuator and the valve 
stem. 

30 Alternatively, as indicated above, Figs. 3A and 3B shows a time series plot of 
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a valve with a negative gradient. In this trace, the command signal to the valve has 
been held approximately constant. Because this is not a strong gradient, the 
instability is not periodic. None-the-less, the system is unstable in the sense of 
Lyapunov (i.e., there is no equilibrium point). Here, the negative gradients can be 
discerned by looking at the phase shift between pressure and travel. For a negative 
gradient, the valve stem will move first and then the positioner will try to correct the 
response. Put simply, actuator pressure lags behind travel. This is in stark contrast 
with friction induced instabilities in which actuator pressure leads travel. 

To determine a lead/lag relationship, the estimation software 33C may use a 
start point, an end point, a mid-point, or some other statistical measure of when the 
pressure signal starts or ends and when the travel signal starts or ends and may then 
compare these two points to determine which of the pressure and travel signals leads 
or lags the other. Of course, if desired, the estimation routine 33c may determine the 
source of instabilities by measuring or determining one or both of the correlation 
between the travel and pressure measurements and the lead/lag relationship between 
the travel and pressure measurements. 

Another simple stability analysis that can be performed by the software 33 to 
detect the presence or source of instabilities looks at the number of reversals in a 
signal or the differences in the number of reversals in different signals, such as the 
valve travel, actuator pressure signals, command signals, etc., over a given period of 
time. For a servo loop instability, the number of reversals in the travel signal will 
greatly exceed the number of reversals in the command signal (see Figs. 2A and 2B). 
For a process instability, the number of reversals in travel will be approximately equal 
to the number of reversals in the command signal (see Figs. 5A and 5B). This same 
analysis can be applied to other signals to detect the presence of an instability in an 
element between the components associated with those signals. 

Figs. 5A and 5B illustrate a still further example in which the estimation unit 
30 may use the above techniques to determine the source of an instability as being 
outside of the servo loop. In Figs. 5 A and 5B, the instability is caused by excessive 
gain, i.e., excessive gain within the process controller 12 of Fig. 1, when used in 
-19- 
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conjunction with a valve having fail-closed spring action. Here, the ratio of the 
variances of the command signal to the valve travel is less than one, indicating that 
the source of the problem is outside of the servo loop. Likewise, the sum of the phase 
angles within the servo loop is approximately -90 degrees, again indicating that the 
5 source of the instability is outside of the servo loop. 

While the estimation unit 30 has been described herein as detecting and 
determining an estimate or potential cause of instabilities within a process control 
device, such as a valve device, it will be understood that other analyses can be used to 
determine estimates for these instabilities or other instabilities for other process 

10 control devices, process control loops, etc. based on data measured on-line within a 
process or a process control loop. 

Likewise, it will be understood that the estimation unit 30 may be 
implemented as any desired hardwired logic device or software controlled processing 
device, such as a microprocessor, that is capable of detecting and storing one or more 

15 signals, and performing a statistical or mathematical analysis on such signals. 

Preferably, the statistical analysis is performed by programming (of any desired type) 
stored within a computer-readable memory of the estimation unit 30. However, the 
analysis steps described herein or otherwise used may be implemented in software, 
hardware, firmware, or any combination thereof in any desired manner. 

20 While the present invention has been described with reference to specific 

examples, which are intended to be illustrative only, and not to be limiting of the 
invention, it will be apparent to those of ordinary skill in the art that changes, 
additions or deletions may be made to the disclosed embodiments without departing 
from the spirit and scope of the invention. 
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